Low efficiency heat exchangers used in automotive as radiator may cause to serious dangers for the engine. Hence, thermal scientists and engineers always pursuit modern methods to enhance the heat removal of the engine. It seems nanofluids implementation in automotive cooling system promises to achieve high efficiency radiators. This paper reviews almost all performed studies in this area that are available in the literature. Author collects details about nanoparticles materials and size, base fluid, volume, concentration, flow regime and Reynolds number used in studies. Usually, maximum heat transfer enhancement and maximum need to pumping power occurs at the highest volume concentration of nanoparticles, simultaneously. On the other hand, using nanofluids, due to the enhanced heat carrying capacity of the nanofluids; the pumping power required will also be reduced.
Introduction
Radiators are often air-cooled heat exchangers to transfer the heat from the engine to fresh air. In an automobile, fuel and air produce power within the engine through combustion. Only a portion of the total generated power actually supplied to the automobile with power, the rest is wasted in the form of exhaust and heat. If this excess heat is not removed, the engine temperature becomes too high which results in overheating and viscosity breakdown of the lubricating oil, metal weakening of the overheated engine parts, and stress between engine parts resulting in quicker wear, among the related moving components . Thus, we need to use a cooling system to remove waste heat from the engine. The key components used in a cooling system are pressure cap, heater hoses, thermostat, heater core, reserve tank, lower hose, transmission cooler, water pump, fan, radiator and upper house (Fig. 1) . The cooling system of a vehicle operates or functions by directing liquid coolant via passages in the engine block and heads. After that, the liquid coolant which flows through passages absorbs the heat from an engine. Then this fluid passes through a rubber hose to reach the radiator. At this stage, the hot liquid is cooled by air stream entering the engine compartment via grills. Once it gets cool, then it goes back to the engine and the same process repeats again.
Fig. 1. Automotive cooling system components
In general, the ethylene glycol and water mixture is used as an automotive coolant in the radiator of automobile engines. These fluids have poor heat transfer performance compared to water because of lower thermal conductivity . Choi (2006) reported the limitations of the existing cooling system as follows:
• Liquid-side: traditional coolants and oils have inherently poor heat transfer properties.
• Air-side: fin designs have been already adopted in order to increase the heat transfer coefficient on the air side.
It is observed that conventional fluids are unable to meet the increasing demand for cooling in high energy applications including automobile engines. In view of this, a new technique is needed to improve the existing cooling performance of heavy vehicle engines.
In recent years, many researchers performed studies related to new cooling methods, because of the substantial ever-increased necessity of high-tech methods of cooling. For example, high powered microprocessors and other electronic components produce a large amount of heat. In the some cases, the generated heat exceeded and, therefore, developing recent advances in manufacturing processes in nanotechnology have permitted developing a new generation of fluids, named nanofluids, which can be an interesting alternative for electronic cooling applications. Nanofluids had been introduced by Choi (1995) and the dispersed phase is composed of nanoparticles (very small particles of size below 50 nm. Then, many researchers in all over the world confirmed the advanced thermal properties of nanofluids. A nanofluid is a two-phase mixture with the continuous phase usually a liquid (water, ethylene glycol). It has been observed that the nanofluids thermal conductivities are significantly higher than those of base fluids (Wang and Choi, 1999) .
Also convective heat transfer coefficient enhancement of nanofluids is promising. An important study of convective flow and the heat transfer of nanofluids was done by Pak and Cho (1998) . They observed a substantial increase in heat transfer coefficient in the turbulent flow regime. The increase was 45% with 1.34% Al2O3 particles and 75% with 2.78% Al2O3 particles. One can find that this enhancement is more than an increase in conductivity alone and, therefore, the enhanced convective heat transfer cannot be attributed to the increased conductivity of the nanofluids alone. Molana & Banooni (2013) conducted a comprehensive review on cooling capabilities of nanofluids. There are some important review papers on nanofluids thermal properties. By referring to them, one can obtain a clearer attitude about these modern heat transfer fluids and their advantages and limitations (Wang and Mujumdar, 2008; Taylor et al., 2013; Das et al., 2006; Murshed et al., 2012) . Also, it should be noted that the manufacturing cost of the radiator is 20 percent of the whole cost of the engine. So improving the performance and reducing the cost of radiators are necessary research. For a higher cooling capacity of the radiator, the addition of fins is one of the approaches to increase the cooling rate of the radiator (Dwivedi and Rai, 2015) . Furthermore, Fuel economy, less emission rate, and less NOX production are so important parameters that we can take into account when the use of nanofluids. These so capable fluids have promising attractions regarding above mentioned considerations.
This paper has devoted to reviewing all of the performed studies about nanofluids implementation in the automotive radiator. It divided into two categories: experimental and numerical studies. All of the details of studies have collected here. investigated the cooling performance of automobile radiator, experimentally. They used two different nanofluids in the force convective regime: alumina oxide (Al2O3) -water and carbon nanotube (CNT)-water. Four different concentrations of nanofluids in the range of 0.15-1 vol. % were prepared by the additions nanoparticles into the water as base fluid. The coolant flow rate is varied in the range of 2 lit/min-5 lit/min. Their results show that nanofluids enhance the thermal performance of a radiator. Also, the maximum heat transfer enhancement for 1.0 vol. % nanoparticle concentration was found to be 90.76% and 52.03% higher for CNT-water and Al2O3-water, respectively, compared to water. Furthermore, they observed that the effective thermal conductivity of both CNT-water and Al2O3-water nanofluids increases with the increase in nanoparticles volume concentration, consequently, increases the cooling performance in automobile radiator. investigated car radiator heat transfer performance using two types of nanofluids, experimentally. They dispersed TiO2 and SiO2 nanoparticles in water with different volume concentrations and evaluated the radiator thermal effectiveness. Their results demonstrated 20% and 32% of the energy rate enhancement and 24% and 29.5% effectiveness enhancement for TiO2 and SiO2 nanofluids, respectively. The thermal energy transferred out of the cooling system will help the engine for more efficiency and performance. This provides promising ways for engineers to develop highly compact heat exchanger and automobile radiators. In Table 1 , one can see their results on an enhancement of radiator thermal effectiveness versus flow rate during nanofluids with different volume concentrations implementation. An experimental study on nanofluids viscosity in car radiator was carried out by Kole and Dey (2010) . They used alumina nanoparticles dispersed in water and stabilized by oleic acid. Their results show that while the pure base fluid display Newtonian behavior over the measured temperature, it transforms into a non-Newtonian fluid with an addition of a few alumina nanoparticles. They observed that the viscosity of the nanofluids increases with increasing nanoparticles concentration and decreases with an increase in temperature. The temperature dependence of the viscosity of engine coolant based alumina nanofluids obeys the empirical correlation of the type:
Experimental Studies
That proposed by Namburu et al. (2007) , considering the influence of Brownian motion of nanoparticles in the base fluid, predicts fairly well the particle concentration dependence of nanofluids viscosity.
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In another experimental study, Chougule and Sahu (2014, b) investigated CNT-water nanofluids as the coolant of car radiator with different concentrations. They found that acidic nanofluids with pH 5.5 show better thermal performance compared to basic nanofluids with pH 6.5 and 9. Ali et al. (2014) studied the effect of nanoparticles concentrations on the cooling system of a vehicle. They dispersed alumina nanoparticles in water with 0.1%, 0.5%, 1%, 1.5% and 2% volume concentrations. They applied different heat loads, coolant flow rates, and air flow rates. Their results show gradual enhancement in the heat transfer with concentrations 0.1%, 0.5%, and 1% by volume; however deterioration occurs at concentrations 1.5% and 2%. So then, volume concentration 1% of alumina nanoparticles is an optimum case. The maximum percentage increase in the coolant heat transfer rate, coolant heat transfer coefficient, and the coolant Nusselt number is 14.79, 14.72, and 9.51, respectively, which occurs at 1% volume concentration.
It seems that size reducing and miniaturizing of heat transfer devices is an important trend in the industry. Smaller radiator with same or better thermal performance compared standard radiator was obtained by Ismail et al. (2014) . They compared the thermal performance of two radiators with four different cooling fluids consist of two CNT-water nanofluids, experimentally. Both of radiators have the same width and the length and the height of smaller radiator is approximately 47% and 9% less than the length and the height of the standard radiator, respectively. Therefore, they could implement a smaller and lighter and consequently cheaper radiator with the slightly better thermal performance compared to the standard radiator. Peyghambarzadeh et al. ( b, 2013 and Naraki et al., (2013) conducted a series of experiments on the thermal performance of nanofluids as a coolant in the car radiator. They use different nanoparticles in material, shape, and volume concentrations: Al2O3 (20 nm), CuO (60 nm) and Fe2O3 (40 nm) in the range of 0 to 1% concentration. Their interesting results could be summarized as follows:
-According to the analysis performed using Taguchi method, the best operating conditions include minimum temperature, the maximum concentration of nanofluids, and the maximum flow rate of nanofluids and the maximum flow rate of air. -The air volumetric flow rate has 42% contribution to the overall heat transfer coefficient of CuO/water nanofluids. Nanofluids volumetric flow rate, inlet temperature and concentration of nanofluids have 23%, 22% and 13% contribution to the overall heat transfer coefficient of CuO/water nanofluids, respectively. -From the practical point of view, it is not costly to add surfactant and adjust the pH for the nanofluids to gain a very small increase in heat transfer performance of the radiator. To have the same increase in the overall heat transfer coefficient, it would be less costly and more practical to increase the air flow rate. -The overall heat transfer coefficient increases while the liquid inlet temperature decreases. -The correlation developed by Xuan and Li (2013) predicts well the experimental data.
In another experimental study by Rashmi et al. (2014) , the corrosion effect of CNT-water nanofluids in radiators was tested. According to the paper, corrosion effects have been paid very little attention. They conducted their experiments on two radiators with different size and tree different building materials (aluminum, stainless steel and copper). All of the case studies were performed using four different fluids such as water, ethylene glycol, 0.02 % and 0.1% CNT-water nanofluids. It was observed that among the three metals, the highest rate of corrosion occurs with aluminum, followed by stainless steel and copper, irrespective of the fluid used. The rate of corrosion, increased with the increase in temperature (27-90 o C) in all cases. Also, they observed that the addition of gum Arabic (GA) not only enhanced the stability of the CNT-water nanofluids, but also improved the corrosion resistance. Sharma et al. (2014) studied the heat transfer behavior of alumina-water-ethylene glycol nanofluids in a car radiator. Their results are interesting and promising:
-The surface area of car radiator can be reduced by 12-18% using nanofluids.
-As the load on the engine and the speed of the engine increase the percentage savings of surface area also increases. -The use of nanofluids makes it possible to design the system with the highest power-size ratio. -The weight of the heat transfer equipment and the entire cooling system as such will be reduced when nanofluids are used as coolant. -Using nanofluids, as less coolant is needed to be circulated, due to the enhanced heat carrying capacity of the nanofluids; the pumping power required will also be reduced. -When the radiator size, volume and weight are reduced, it will reduce the drag force experienced by the frontal area of the vehicle. -All these factors give the designers additional versatility from the ergonomic and aesthetic point of views when designing the vehicle. -Reduction in size or the simplification in designing the cooling system decreases the manufacturing and also the maintenance cost of the cooling system equipment. -It was also seen that the metallic nanoparticles in the coolant helped to warm-up the engine quickly when started from the cold condition.
A well-organized experiment on the thermal performance of nanofluids in the radiator was conducted by Raja et al. (2013) . They used alumina-water nanofluids and considered heat transfer and environmental characteristics. They concluded that nanofluids are better for the engine cooling system due to their capability to respond quickly to temperature changes allowing for the dissipation of more heat, using less coolant in a shorter period of time. However, the most important result of their study is devoted to NOX emission of the engine. They acclaim that NOX emission with their engine was reduced by 12.5% at full load for nanofluids compared with distilled water. Figure 2 shows the NOX emission of the engine versus engine load.
Fig. 2.
NOx production of the engine using nanofluids as a coolant versus load (Dwivedi and Rai, 2015) 
Numerical Studies
An analysis of the thermal performance of a car radiator using copper-ethylene glycol nanofluids was performed by , numerically. According to the results, it could be seen that with the augmentation of the volume fraction of nanoparticles from 0 to 5%, the overall heat transfer coefficient of the air side experiences an increase of about 64.3% in its values and the rate of heat transfer can raise about 26.9%. Moreover, the rate of heat transfer with changes in Reynolds number of the inlet air rises 26.16% for nanofluids while for pure ethylene glycol it is 15.6%. Also, they observed that by adding 5% of nanoparticles to the coolant fluid, the performance of the radiator in the hot weather of 50ºC can be even better than that of 20ºC.
Sheikhzadeh and Fakhari (2011) studied car radiator heat transfer using nanofluids, numerically. The base fluid was 60% ethylene glycol and 40% water by mass containing alumina nanoparticles. Table 2 . 
Also, their results show that at a Reynolds number of 2000, the percentage increase in the average heat transfer coefficient over the base fluid for a 10% Al2O3 nanofluids is 94% and that for a 6% CuO nanofluids is 89%. The analysis shows that the average heat transfer coefficient increases with the Reynolds number and also with the particle volumetric concentration. However, the influence of the Reynolds number is stronger. For example, for the Al2O3 nanofluids the average heat transfer coefficient increases from 865 to 1762 with a Reynolds number increase from 100 to 2000 for a particle concentration of 10%. This increase is slightly lower at a lower particle concentration. Also, for constant inlet velocity, an increase in the particle volume concentration results in an increase in the skin friction coefficient along the duct. The average skin friction coefficient for a 6% CuO nanofluids in the fully developed region is about 2.75 times in comparison to that of the base fluid at a constant inlet velocity of 0.3952 m/s. For the same amount of heat transfer, the pumping power requirement is 82% lower for Al2O3 nanofluids of 10% concentration and 77% lower for a CuO nanofluids of 6% concentration when compared to the base fluid.
The friction factor and forced convection heat transfer enhancement of SiO2 suspended in water carried out by Hussein et al. (2014, b) , numerically. Significant increases of the friction factor and heat transfer enhancement observed with the volume concentration of nanoparticles addition. The maximum values of friction factor increased to 22% for SiO2 nanoparticles dispersed in water with 2.5% volume concentration. They concluded that the highest Nusselt number enhances up to 40% obtained for SiO2 nanoparticles in water. The simulation results showed that the friction factor and Nusselt number action of the nanofluids were highly depended on the volume concentration and Reynolds number. The friction factor decreases with increasing of volume flow rate and the inlet temperature. The friction factor of Reynolds number less than 1000 has a maximum deviation 82%, but after that the maximum deviation becomes 40%. A highest Nusselt number enhancement is 56% obtained for SiO2 nanoparticles in water as a base fluid.
In another interesting numerical study, Eftekhar et al. (2013) investigated the effect of nanofluids dispersed in car radiator on engine warm up timing. Four different finned types of heat exchangers are installed along the exhaust gas streamline for three different cases.
Their results are significant: 1-The maximum warm up timing reduction is about 10.2% when 1% nanoparticles is added to the based coolant. This reduction occurred in the high finned tubes. 2-The maximum warm up timing reduction is about 17.2% when 2% nanoparticles is added to the based coolant. This reduction occurred in the micro finned tubes. 3-The maximum warm up timing reduction is about 29.8% when 3% nanoparticles is added to the based coolant. This reduction occurred in the spirally fluted tubes.
Delavari & Hashemabadi (2014) performed a CFD simulation of laminar and turbulent flow of two types of nanofluids in the car radiator. They implemented both of the single phase and two phase approaches. Their results demonstrated that despite the time-consuming, a two-phase approach has a better prediction for nanofluids Nusselt number. Figure 3 shows the thermal behavior of the different nanofluids versus nanoparticles volume concentration. One can conclude that heat transfer enhancement regarding two-phase approach is higher than those of single phase approach. The main reason is taking into account Brownian motion of nanoparticles in two phase approach that cause to give higher enhancement. It shows that the size of nanoparticles plays a more important role than the material of nanoparticles, in thermal performance enhancement. Nanoparticles with the smaller size can increase the thermal conductivity of nanofluids more than the bigger ones. It seems that this phenomenon is strongly dependent on the Brownian motion of nanoparticles that proved as a critical parameter in the thermal conductivity enhancement of nanofluids compared with base fluid. In another curve , it is seen that the thermal performance of Al2O3-water-ethylene glycol nanofluids gives a higher Nusselt number compared to TiO2-water nanofluids. Although, thermal conductivity of ethylene glycol (0.258 W/m.K) is less than those of water (0.609 W/m.K), and also the thermal conductivity of alumina nanoparticles (30 W/m.K) is more than thermal conductivity of titanium dioxide nanoparticles, but alumina-EG-water nanofluids provide better performance than titanium dioxide-water nanofluids with an approximately identical size of nanoparticles. Also, figure 5 shows a much higher provided range of the Nusselt number in the turbulent flow regime compared to the laminar flow regime (Figure 4 ). Details of all performed studies in this field are collected in Table 3 .
Conclusion
Almost all of the studies in this area have performed with water as a base fluid. About 51% of them used Al2O3 nanoparticles, 12% used carbon nanotubes and the other studies utilized Cu, CuO, SiC, TiO2, Ag, Fe2O3 and ZnO nanoparticles as dispersed phase. 45% of the studies had a turbulent flow regime and the other devoted to the laminar flow regime. Also, 63% of them were performed, experimentally.
Available literature has focused on important parameters in thermal performance of nanofluids in the automotive radiator such as the Reynolds number, Peclet number, Richardson number, volume concentration of nanoparticles, nanoparticles size and composition, viscosity and friction factor. It should be noted that the most important parameters in heat transfer enhancement of nanofluids are Reynolds number, Volume concentration, and effective thermal conductivity.
It was seen that with nanofluids, we can achieve smaller radiator with the same or even slightly better thermal performance, this can cause to lighter and smaller radiator with less initial investment, less repair and maintenance cost, less emission rate, and less NOx production.
Usually, maximum heat transfer enhancement and maximum need to pumping power occurs at the highest volume concentration of nanoparticles, simultaneously. On the other hand, using nanofluids, due to the enhanced heat carrying capacity of the nanofluids; the pumping power required will also be reduced. 
